View metadata, citation and similar papers at core.ac.uk

-
brought to you by i CORE

provided by Universidade do Minho: RepositoriUM

Small-size MEMS Accelerometer Encapsulated in
Vacuum Using Sigma-Delta Modulation

Vasco Lima*', Jorge Cabral*?, Burkhard Kuhlmann?, Jodo Gaspar® and Luis A. Rocha*
*Industrial Electronics Department, University of Minho, Guimaraes, Portugal
fMicro and Nano Fabrication Department, International Iberian Nanotechnology Laboratory (INL), Braga, Portugal
fAutomotive Electronics, Robert Bosch GmbH, Reutlingen, Germany

Abstract — A vacuum encapsulated MEMS accelerometer
using Sigma-Delta modulation is here presented. Three
different modulation orders (second, third, and fourth) were
implemented in a field-programable gate array (FPGA),
enabling flexibility for tuning the loop parameters in real-time.
Three devices were measured, and the results are in good
agreement with simulations performed in Simulink. A noise
figure of 123 ug/\/Hz for a bandwidth of 400 Hz and a range of
at least £1 g was experimentally measured. A figure of merit
considering device size and bandwidth is proposed,
highlighting the relevance of the results for the current state of
the art.
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1. INTRODUCTION

Vacuum encapsulation of MEMS accelerometers can be
advantageous since it intrinsically decreases the
thermal-mechanical Brownian noise and it enables
integration in a single common silicon substrate with other
MEMS sensors that require vacuum operation, such as
gyroscopes, resonators, and magnetometers. This type of
sensor integration can lead to size reduction, as well as
fabrication and packaging cost decrease, potentially enabling
new applications [1]. However, the low damping required for
MEMS gyroscopes and resonators based on the Coriolis
force makes the accelerometer more challenging to operate,
causing undesirable high settling times.

Electromechanical Sigma-Delta modulators can provide
the electrical damping necessary for low-pressure
accelerometers while providing high resolution and linearity,
and low thermal dependency and susceptibility to process
variations, representing one of the most attractive
architectures for achieving high-performance MEMS inertial
sensors [2]-[4]. Additionally, including the MEMS sensor
element into a Sigma-Delta modulating loop enables the
realization of a digital sensor interface.

Vacuum encapsulated MEMS accelerometers using
Sigma-Delta modulation can be found in the literature, but
all present a common issue: large proof-mass [1], [S]H7]. A
big proof-mass has several drawbacks, such as reduced full-
scale, added complexity of the manufacturing process, and
integration limitations, ultimately leading to cost increase

[8].

In this work, a small-size and low-pressure MEMS
accelerometer operated in a closed-loop Sigma-Delta
modulator implemented in an FPGA 1is presented.
Experimental and simulation data are compared, showing a
good agreement. The results are compared with similar
devices presented in the literature, and a figure of merit is
proposed, highlighting the obtained results.
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II. THE ELECTROMECHANICAL SIGMA-DELTA MODULATOR

An electromechanical Sigma-Delta modulator is a system
that includes several different domains. The proposed
architecture (presented in Fig. 1) consists of five parts: a) the
MEMS sensor, that transforms the physical input
acceleration into an electrical capacity change; b) the readout
circuit, which converts the change in capacity into a
proportional voltage, and later digitalizes that voltage; c) the
phase-lag compensator, to compensate the phase shift
introduced by the sensor element; d) the Sigma-Delta loop
filter, which provides the noise shaping; ¢) the one-bit DAC,
responsible for providing the electrostatic force feedback to
the MEMS element.

It is essential to notice that all digital blocks were
implemented using floating-point operations for reduced
quantization noise.
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Fig. 1. Proposed architecture for the electromechanical Sigma-Delta

modulator.

A. The MEMS sensing element

Three in-plane  single-axis  capacitive =~ MEMS
accelerometers were fabricated and encapsulated with a
cavity pressure of 140 Pa using a standard Bosch silicon
surface micromachining process. The fabricated devices can
be seen in Fig. 2.

On the sensing direction, their behavior can be
represented by a mass-spring-damper system, whose
displacement x can be expressed as:

w1 xa, (1)

a) mn
s+ 2s+w’

where @, =+/k/m and Q=+/mk /b are the resonant

frequency and the quality factor, respectively, ai, is the input
acceleration, m is the mass of the proof mass, £ is the
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stiffness constant of the mechanical springs, and b is the
damping coefficient.

The devices have a size of approximately 450x450 um?,
with a suspended mass (m) of 2.83 ug (364x400 um?), a
nominal sensing capacity (Csp) of 246 fF, a nominal
actuation capacity (C4o) of 148 {F, and a gap at rest (dp) of
1.6 um. The elastic coefficient of the mechanical springs (k)
is 0.75 N/m, resulting in a resonant frequency (ay) of 2591
Hz and a quality factor (Q) of 58.6.
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B. The readout circuit

The first element of the readout circuit is a capacity to
voltage (C/V) converter. An in-house designed application-
specific integrated circuit (ASIC), based on switch
capacitors, that is capable of converting the changes in the
capacitance of the accelerometer into a DC voltage, was
used. [9] The output voltage of the C/V converter is
digitalized using a commercial off-the-shelf (COTS) 16-bit
analog to digital converter (ADC) capable of an acquisition
frequency of 40 MHz.

An infinite impulse response (IIR) low-pass filter was
digitally implemented in FPGA and included as part of the
readout system. The filter was implemented using three
second-order stages, realizing a sixth-order IIR low-pass
filter, and its cutoff frequency is 80 kHz. The block diagram
of a second-order section of the implemented filter can be
seen in Fig. 3.
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Fig. 3. Block diagram of a second-order section of the implemented IIR
low-pass filter.

C. The phase-lag compensator

The phase lag compensator aims to minimize the phase
delay introduced by the MEMS device and readout circuit.

The compensator was digitally implemented in FPGA and is
based on the approach proposed by William Messner in [10].
Its discrete-time transfer function is

bz+c

He(2) = ()

s
z+a

which is derived from the continuous-time transfer function

S+z

He(s)= : 3)
s+p
To calculate parameters z and p, one can use
2= 12800 @)
cos(¢,)
L+si
cos(4,)

where @), is the frequency of maximum phase lead and @, is
the phase lead at that frequency.

D. The Sigma-Delta loop filter

The Sigma-Delta modulator, depicted in Fig. 1, was
digitally implemented in FPGA, enabling a fast and accurate
tuning of the loop parameters, which is typically performed
by simulation [3]. However, the flexibility of the system
allows an experimental fine-tuning at the final trim of the
devices. This aims to achieve stability of the loop, more
difficult for low-damping devices, and to improve the
system’s performance.

The proposed architecture is able to realize a second,
third, or fourth-order electromechanical Sigma-Delta
modulator, and feedback and feedforward gains for each
modulation order were implemented (kfl, k1, kf2, and k2).
The feedback bitstream has a sampling frequency of 500
kHz, and the output of the system is handled by the
decimation filter, which has a cutoff frequency of 400 Hz,
and it outputs a 32-bit result with a decimation ratio of 500.

E. The one-bit DAC

The force feedback is handled by the electrostatic force
of the parallel-plate actuation electrodes, which can be
expressed as:

2
F,, = Sadoly
2(dy +x)
where V; is the actuation voltage. For this work, the force

feedback voltage used was 3.3V, implemented as a one-bit
digital to analog converter (DAC).

(6)

III. EXPERIMENTAL RESULTS

A mechanical characterization of the three devices was
performed, and the results were compared with the
theoretical values (Table I). For all devices, the experimental
values are within a 5% deviation of the theoretical
expectation. Moreover, the differences between devices are
even smaller, validating a good fabrication process tolerance.
The quality factor is the parameter with the most significant
deviations, due to variations in the encapsulation pressure.



The performance of the system was evaluated in
open-loop (where the system’s output is the voltage of the
C/V converter) and closed-loop, with second, third, and
fourth-order electromechanical Sigma-Delta modulators. To
assess the response for different accelerations, the samples
were coupled to a precision motor and mechanically excited
through the gravitational acceleration (Fig. 4 shows the
experimental setup), attaining an experimental measurement
range of + 1g. To achieve loop stability and to improve the
system’s performance, the gains were manually adjusted
through experimental data. The phase lag compensator was
tuned for a phase lead of 82 °© at 42750 Hz, and kfl, k1, kf2,
and k2 were adjusted to 27, 0.3, 87, and 0.1, respectively.

In Table II, the experimental sensitivity and non-linearity
are presented. The sensitivity increased drastically from
open-loop to closed-loop by a factor of over 900000,
improving the overall system performance. These results are
corroborated by the simulation model. Even though the
experimental non-linearity of all devices is below 0.76% for
every modulation order, below the desired 1%, the simulated
values are significantly lower. These differences are
attributed to misalignments on the experimental setup, which
can occur on the X, Y and Z axis, and on several parts
composing the setup (e.g., the MEMS is manually glued to
the carrier, the socket is soldered to the printed circuit board
(PCB) by hand, the PCB is coupled to the precision motor by
hand, ...). These misalignments lead to increased
non-linearities due to measurement procedures and not
because of the devices themselves.

The noise level of the system was evaluated through
Allan variance measurements. From Fig. 5, one can see that
the results for each modulation order are similar between
devices, resulting in noise figures of 7.3 mg/Hz for open-
loop configuration and 594 pug/NHz, 123 pg/NHz, and 125
ug/\/Hz for second, third, and fourth-order modulators,
respectively. Additionally, third and fourth-order modulators
yield approximately the same results. The experimental
results are in close agreement with the simulation model, and
the high modulation order and low-frequency differences can
be explained by the simplified readout circuit model, which
was implemented as a C/V gain with white noise only.

The overall better results achieved by higher modulation
orders are in accordance with the fundamental theory of
Sigma-Delta modulation.

ALLAN VARIANCE

Table 1. Theoretical and experimental data of the mechanical characterization.
Theor. Dev. Dev. Dev.
Value 1 2 3

Pull-in voltage (V) 1.962 1.893 1.892 1.888

Pull-in voltage error (%) - 35 3.6 38

2591 2535 2537 2536

Resonant frequency (Hz)

Fig. 4. Experimental setup.

Table II. Simulated and experimental sensitivity and non-linearity results.

Sim. Dev.1 Dev.2 Dev.3

Open-loop 6.75 6.74 6.74 6.76

§ ® Order2 2676 2676 2671 2671

ZE Order3 2634 2656 2660 2655

“ ordera 2634 2656 2661 2654
Open-loop  0.03 0.62 0.46 0.48

Non-linearity
(%)
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——8— Open-loop: Simulation (7.38 mg Iv/Hz)
—8—— Open-loop: Device 1 (7.83 mg /+/Hz)
——&—— Open-loop: Device 2 (7.30 mg / VHz)
Open-loop: Device 3 (7.26 mg / VHz)
——— Order 2: Simulation (0.501 mg /v/Hz)
———— Order 2: Device 1 (0.594 mg /+/Hz)
—¥—— Order 2: Device 2 (0.603 mg /+/Hz)
Order 2: Device 3 (0.630 mg /+/Hz)
—A— Order 3: Simulation (0.048 mg //Hz)
—A—— Order 3: Device 1 (0.166 mg //Hz)
—&—— Order 3: Device 2 (0.123 mg /v/Hz)
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—8B— Order 4: Simulation (0.048 mg / +/Hz)
—F&— Order 4: Device 1 (0.164 mg /+/Hz)
——8&— Order 4: Device 2 (0.125 mg -"\fllz)
Order 4: Device 3 (0.157 mg /+/Hz)
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Fig. 5. Experimentally measured Allan variance.




To compare the obtained results with the literature, two
figures of merit (FOM) are proposed, relating the achieved
noise level with the bandwidth and size of the sensor (Table
IIT). These characteristics were chosen since device size and
bandwidth are closely related to the noise level. On the one
hand, a device with a large proof-mass intrinsically has lower
thermal-mechanical Brownian noise, improving its overall
noise performance. Additionally, with a large footprint
sensor, larger capacitances are easier to achieve, improving
the device sensitivity and consequently the signal-to-noise
ratio. On the other hand, a lower bandwidth signal allows for
more restricted filtering and higher integration times, which
also leads to the realization of lower noise levels.

The proposed FOMs (FOM1 = Vol.Noise/BW and
FOM2 = Mass.Noise/BW) multiply the noise level achieved
by the device size (either volume of the proof-mass for
FOM1 or mass of the proof-mass for FOM2) and divide the
result by the achieved bandwidth. Once bigger size and
lower bandwidth realize lower noise, a smaller result (in both
FOM) translates to better relative performance.

According to both figures of merit, the performance of
the presented accelerometer stands out from the ones found
in the literature.

Table I1I. Comparison between the literature and this work.

51 (1] [6] (71

Dong Chen Li  Wang ;5(]:;;
Q011) (2014) (2018) (2018)
Seismic mass | 5, 4y . - 00028
Jyolume (mm) G
Seismic mass 160 620 14300 2.83
_______ mKe)
Noise figure
B N
Bandwidth 30, 500 300 300 400
My
Vol.Noise/BW
_mmagmgy S0 3 - M
Mass.Noise/BW
(ke M) 389 099 953 087

IV. CONCLUSIONS

Small size and vacuum encapsulated capacitive MEMS
accelerometers using Sigma-Delta modulation were
presented in this paper. Three devices were fabricated and
tested. The electromechanical Sigma-Delta modulator
architecture was digitally implemented in FPGA, enabling
the flexibility of a fast and effective tuning of the parameters
for the final trim of the devices.

The best noise figure achieved was 123 pg/~Hz for a
bandwidth of 400 Hz and a measurement range of =1 g. The
measured non-linearity is below 0.76 % in all cases. As
expected, higher modulation orders can achieve better
performance.

Two figures of merit were proposed, relating noise level
with device size and bandwidth, highlighting the value
proposition of this work.
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